Variability of sea-surface temperature related to shifts in the mode of the El Niño-Southern Oscillation (ENSO) has been implicated as a possible forcing mechanism for the changes in global-scale, tropical and subtropical precipitation known as the 4.2-ka event. We explore records of coral-reef development and paleoceanography from the tropical we suggest that understanding the event in marine systems may prove to be the key to deciphering its ultimate cause.
skeletons that constitute them preserve well in the fossil and subfossil record, providing a historical record of the response of coral reefs to climate change (Jackson, 1992) . Moreover, many of the perturbations listed above leave geochemical and taphonomic traces that can be used as proxies to reconstruct changes in environmental conditions 75 (Flannery et al. 2018; Cobb et al., 2013; Toth et al., 2015a Toth et al., , 2015b .
Whereas the majority of the records of the 4.2-ka event have come from terrestrial environments, the contemporary impacts of ENSO are felt most keenly in marine ecosystems. Understanding whether and how marine ecosystems responded to climatic changes around 4.2 ka is, therefore, critical to deciphering the ultimate drivers of the 4.2-ka event. Here we explore paleoecological and paleoceanographic records from marine environments in the 80 tropical Pacific. We focus on the long-term collapse of coral-reef development in the tropical eastern Pacific to evaluate the role of ENSO in the 4.2-ka event.
Climate and coral-reef development in the eastern tropical Pacific

Ecology of Coral Reefs in the Eastern Tropical Pacific
Holocene reefs of the TEP are for the most part small and poorly developed, as is generally the case for reefs on the 85 eastern margins of ocean basins (Darwin, 1862; Cortés, 1993) . Regional and local diversities of hard corals are low in the TEP. Several living reefs, however, overlie well-developed Holocene frameworks that preserve millennialscale records of regional and larger-scale climatic variability, and the responses of coral assemblages to that variability.
The shallowest habitats of contemporary reefs off the Pacific coast of Panamá, ranging from 1-5 m water depth, ENSO events such as the one in 1982-83 could be responsible for the poor development of reefs observed in many areas of the eastern Pacific (Glynn and Colgan, 1992; Glynn, 2000) .
A second extreme ENSO event killed an estimated 16% of corals worldwide in 1997-98 (Wilkinson, 2000) .
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The 1997-98 and 1982-83 events were of approximately equal magnitude and duration in the eastern Pacific. Both events were enhanced by global warming and they were the two most intense events in the preceding 50 yr (Hansen, et al. 1999; Karl et al., 2000; Enfield, 2001) .
Coral mortality in the eastern Pacific was lower in 1997-98 (Guzmán and Cortés, 2001; Vargas-Ángel et al., 2001 ). There was essentially no mortality in the Gulf of Panamá because, whereas seasonal upwelling was 150 suppressed during the 1982-83 El Niño event, upwelling was unaltered in 1997-98 and cooled the water column (Riegl and Piller, 2003; Glynn et al., 2001) . Muted levels of coral mortality elsewhere, including only 13% mortality in the Gulf of Chiriquí, were correlated with the presence of thermally resistant zooxanthellae in the corals Baker et al., 2004; see also D'Croz and Maté, 2004) . Collateral effects following the 1982-83 event, particularly enhanced predation by Acanthaster (in the Gulf of Chiriquí) and increased bioerosion by sea urchins,
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were also far less severe after the 1997-98 ENSO, due to precipitous declines of both taxa (Eakin, 2001; ; see also Fong and Glynn, 2001) . The effects of the 2015-16 El Niño event were also minimal in Pacific Panamá. Upwelling again buffered the reefs in the Gulf of Panamá from elevated temperatures, and most reefs in the Gulf of Chiriquí experienced coral bleaching but only minor bleaching-related mortality.
Coral populations have recovered to varying degrees from the El Niño events in 1982-83 and 1997-98, having 160 been seeded by populations that persisted within refugia in the eastern Pacific (Wood et al., 2016) . Coral cover declined in the Gulf of Chiriquí at 3-7 m depth after 1983. By 2002, coral cover was 12% at Uva Island (down significantly from 35%) and 8% at Secas Island (down non-significantly from 11%; Wellington and Glynn, 2007) .
Coral cover at Saboga Island in the Gulf of Panamá recovered at 2-3 m depth from 0% in 1984 to the pre-ENSO level of 50% by 1992. At 3-5 m depth, some areas of the Saboga reef recovered to 50% within a few years, but large 165 areas of coral rubble have persisted to this day (Fig. 1c) , and this has also been the case on many other reefs. The areas of coral rubble consist primarily of taphonomically degraded Pocillopora branches, which are covered in algal turfs, encrusted by coralline algae, and colonized at low frequency by the early-successional coral Psammocora stellata.
The foregoing brief discussion summarizes the responses of corals and reef communities of the tropical eastern al., 2005). Cores drilled from massive coral colonies (coral heads) throughout the Indo-Pacific display a trend toward more intense ENSO events after 1976 (Urban et al., 2000) ; however, although ENSO variability during the 180 last century may be significantly higher than many times in the past, there is precedent in the fossil record for the intensity of recent events (Cobb et al., 2013) . Whereas gross patterns of reef development have been examined in the eastern Pacific (Glynn and Macintyre, 1977; Macintyre et al., 1992; Cortés et al., 1994) , biotic turnover and its geological consequences remain understudied.
At least some effects of the 1982-83 ENSO event were unprecedented on a scale of centuries. First, colonies of 185 the massive corals Porites lobata and Pavona clavus in the Galápagos were 350-425 years old at the time of their death during the event (Glynn, 1990) . Second, Dunbar et al. (1994) examined a colony of Pavona clavus that was part of the reef community at Urvina Bay in the Galápagos. In 1954, Urvina Bay was tectonically uplifted more than 7 m, preserving in excellent detail the effects of a strong El Niño in 1941 (Colgan, 1990 ). The Pavona colony, which had survived the 1941 event, showed more than 350 yr of continuous growth before its death in the 1954 uplift.
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Clearly, some massive corals had lived through previous, strong ENSO events. On the other hand, partial colony mortality and regeneration of the massive species G. planulata at Uva Island marked both the 1982-83 and 1997-98 ENSOs, so even the latter event was not without ecological consequences (Wellington and Glynn, 2007 
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Pocillopora-dominated reefs are not well-developed in the eastern Pacific due to the narrow shelves on which they grow; exposure in at least some locations to cold and acidic, upwelling waters; and episodic bleaching during ENSO events (Cortés et al., 1994; Glynn and Maté, 1997; Kleypas et al., 2006) . Glynn and Colgan (1992; Glynn, 2000) argued that eastern Pacific reefs accrete poorly because the corals are periodically killed by severe El Niño events and then bioeroded by echinoids. Our study of the geologic record, in contrast, point to a protracted phase 210 shift, during which the vertical accretion of Holocene reef-frameworks off the Pacific coast of Panamá was suppressed for far longer than the return time of strong ENSO events.
Cores we extracted from the uncemented frameworks of three Panamanian reefs across a gradient of upwelling, and dated with radiocarbon and uranium-series techniques, showed that vertical accretion essentially ceased from ~4100 to 1600 cal BP ( Fig. 2 ; calibrated calendar years before 1950; Toth et al., 2012) . The hiatus in growth lasted approximately 2500 years, meaning the reefs were in a phase of negligible growth for as much as 40% of their history (Toth et al., 2012) .
In each core, active coral growth was represented in the cores as long intervals of well-preserved Pocillopora branch-fragments. The hiatus was manifested as a thin layer of taphonomically degraded Pocillopora branchfragments, coralline algae, and Psammocora stellata, all of which characterize ENSO-generated rubble-fields on 220 contemporary reefs in Panamá. During the rest of their history, however, the reefs grew upward at rates comparable with the vertical-accretion rates of Caribbean reefs (Toth et al., 2012) . The 'poor' Holocene development of these reefs is, therefore, a consequence of the hiatus. Although ENSO suppresses populations of Pocillopora on subdecadal to multidecadal scales, that has not been the cause of low bulk-accretion rates through the Holocene, as previously suspected. The tempo and causality of reef development in Pacific Panamá represent a vastly scaled-up
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version of the earlier model of Glynn (2000) .
ENSO and Coral-Reef Collapse at 4.2 ka
There is now broad consensus across both climate models and paleoclimate reconstructions that the middle Holocene was a period of relatively low ENSO variability (Clement et al., 1999; Sandweiss et al., 2001; Rein et al., 2005; Koutavas et al., 2006; Cobb et al., 2013; Carré et al., 2014; Liu et al., 2014; Emile-Geay et al., 2016; Leonard 230 et al., 2016b; Thompson et al., 2017) . In particular, the interval 5-3 ka stands out as a period when paleoclimate records from throughout the tropical Pacific show a significant reduction in ENSO activity (Emile-Geay et al., 2016) . Although the exact timing of the middle-Holocene ENSO minimum varies among reconstructions, some studies have detected exceptionally low ENSO variability between 4.3 and 4.2 ka (Cobb et al., 2013; McGregor et al., 2013; Leonard et al., 2016b) . Somewhat paradoxically, ~4.2 ka also appears to be a point of inflection in most 235 ENSO records, after which time ENSO variability increased, eventually leading to the establishment of the modern ENSO regime (Conroy et al., 2008; Koutavas and Joanides, 2012; Carré et al., 2014 ). ENSO appears to be a primary control on coral growth and reef development in the TEP over scales of decades to millennia (Glynn and Colgan, 1992; Glynn et al., 2001; Toth et al., 2012 Toth et al., , 2017 . In Pacific Panamá, the elevated water temperatures and high irradiance (low cloud cover) associated with the strong El Niño events in 240 1982-83 and 1997-98 caused widespread coral mortality ). La Niña is also problematic for reefs in Pacific Panamá, as lowered sea level in the TEP during La Niña events causes more frequent coral mortality associated with sub-aerial exposure (Eakin and Glynn, 1996; Toth et al., 2017) . In addition, La Niña is associated with elevated rainfall in Pacific Panamá, which increases turbidity, and enhanced upwelling, both of which can suppress coral growth (Glynn, 1976) . The dominant role of ENSO in modulating modern reef development in the 245 TEP led us to hypothesize that ENSO variability may have also shaped the dynamics of Panamanian reefs over millennial timescales.
We tested the hypothesis that changes in ENSO activity around ~4.2 ka triggered reef shutdown in Pacific Panamá by evaluating geochemical proxy records from corals in our cores ( Fig. 2 ; Toth et al., 2015a Toth et al., , 2015b (Fig. 2) . Our record of oceanic radiocarbon variability, which provides a proxy for ocean circulation, suggests that upwelling was enhanced beginning at 4.3 ka, and continued to intensify over at least the next 500 years ( Fig. 2a ; Toth et al., 2015b) . Paleoclimate reconstructions, which we based on Sr/Ca and δ 18 O in the coral skeletons, suggest that these oceanographic changes were followed by an abrupt transition to a cooler,
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wetter climate beginning by ~3.9 ka (Fig. 2b,c ; Toth et al., 2015a) . A lake record from the Galápagos recorded a contemporaneous period of anomalous drying, which in that location suggests enhanced La Niña activity ( Fig. 3 ; Conroy et al., 2008) . Together, those inferred conditions indicate that an enhanced La Niña-like climate regime was established just after 4.2 ka, which likely provided the initial trigger that shutdown reef development in Pacific
Panamá for the next 2500 years (Toth et al., 2012 (Toth et al., , 2015a .
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Whereas the period from 5-3 ka may have been a time of low ENSO variability on average (Emile-Geay et al., 2016), the time just after 4.2 ka was likely a time of high climatic volatility in the tropical Pacific (Fig. 3) . At least one record indicates that a multi-decadal period of enhanced ENSO variability followed just 500 years after the putative low in ENSO activity at ~4.2 ka (Corrège et al., 2000) . Our data from Pacific Panamá suggest that this period would have been followed by an abrupt transition to La Niña-like conditions by 3.9 ka (Toth et al., 2015a (Toth et al., , 265 2015b , and a recent study suggests that La Niña events were also more frequent from 3.5-3 ka (Thompson et al., 2017) . A record of El Niño-related flooding from Peru implies that the strongest El Niño events of the Holocene occurred 4-2 ka (Rein et al., 2005) , and a series of records from the same region suggest a possible peak in the frequency of El Niño events around 3 ka (Sandweiss et al., 2001; Moy et al., 2002) . The beginning of the late Holocene was also characterized by a period of high variability in the position of the Intertropical Convergence
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Zone (ITCZ) supporting the idea that regional climatic variability was high at this time (Haug et al., 2001 ). These studies support the conclusion that ENSO variability was enhanced after 4.2 ka (Conroy et al., 2008; Koutavas and Joanides, 2012; Carré et al., 2014) .
Stronger and/or more frequent El Niño and La Niña events would have acted to suppress reef development after 4.2 ka (Toth et al., 2012) . ENSO variability continued to increase after the end of the hiatus in reef 275 development (Conroy et al., 2008; Cobb et al., 2013; Thompson et al., 2017) ; however, major changes in the mode of ENSO coincided with its termination (Fig. 3) . The variability in the mean position of the ITCZ had declined by ~2.5 ka (Haug et al., 2001) . Although ENSO variability and the absolute number of El Niño events may have increased beginning 2 ka (Sandweiss et al., 2001; McGregor and Gagan, 2004; Conroy et al., 2008; Thompson et al., 2017) , during the hiatus, El Niño events were likely stronger (Rein et al., 2005) and La Niña event may have been 280 more frequent (Thompson et al., 2017) . We hypothesize that the waning influence of La Niña and reduction in El
Niño strength permitted accretion to resume between ~1.8-1.5 ka (Toth et al., 2012 (Toth et al., , 2015a concatenation of conditions that might or might not have been dependent or semi-independent. Some evidence does in fact point to climatic shifts around the time of the 4.2-ka event that persisted for millennia (Selvaraj et al. 2008 ).
There is still considerable disagreement about timing and magnitude of the putative shifts in ENSO (Haug et al., 2001; Chiang et al., 2002; Sachs et al., 2009) . Similarly, the Asian monsoon 310 is generally suppressed during El Niño events and enhanced during La Niña events (Liu et al., 2000; Wang et al., 2003) . Although the relationship between ENSO and the NAO, which has a strong influence on European climates, is less straightforward, the NAO is typically negative (positive) during El Niño (La Niña) events (Rodríguez-Foncesca et al., 2016) .
The global impacts of El Niño and La Niña events can vary significantly from event to event; however,
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there are striking spatial correlations between the global signature of ENSO and that of the 4.2-ka event (summarized in Davey et al., 2013) . In the majority of the records to date, the 4.2-ka event has been characterized by changes in terrestrial hydroclimate (Weiss, 2016) . Whereas the event was characterized by widespread aridification in southern Europe, the Middle East, northern Africa, midcontinental North America, and parts of eastern and southwest Asia (Weiss et al., 1993; Straubwasser et al., 2003; Marchant and Hooghiemstra, 2004; Booth et al., 320 2005) , other locations, such as western South America, experienced marked increases in precipitation (Marchant and Hooghiemstra, 2004) . With the exception of Europe, which is weakly teleconnected with ENSO, the mean shifts in precipitation that occurred during the 4.2-ka event are generally consistent with those observed during a typical El Niño event (Davey et al., 2013) . The changes in hydroclimate during typical El Niño events even replicate the zonal gradient in precipitation observed across northern South America at ~4.2 ka (Marchant and Hooghiemstra, 2004;  325 McPhaden et al., 2006; Davey et al., 2013) .
Like many records of ENSO variability from the tropical Pacific, our records from Pacific Panamá do not display a sudden change in El Niño activity at 4.2 ka (Toth et al., 2015a; Emile-Geay et al., 2016) ; however, most reconstructions of Holocene ENSO suggest that there was a transition to increasing ENSO variability around this time (Conroy et al., 2008; Koutavas and Joanides, 2012; Cobb et al., 2013; Carré et al., 2014) . Whereas the 4.2-ka 330 event was manifested as an abrupt, short-lived climatic event in many locations, the ecosystem response to the event may have been more gradual and more protracted. In Pacific Panamá, the onset of reef collapse in the tropical eastern Pacific just after 4.2 ka was associated with a transition to a cooler, La Niña-like climate (Toth et al., 2015;  see also Cabarcos et al., 2014) , which triggered a regime shift that lasted for millennia. Similarly, there is evidence that the onset of aridification in the mid-continent United States was followed by glacial advances in western
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Canada, from 4.2-3.8 ka, associated with a cooler, wetter climate (Menounos et al., 2008; Mayewksi et al., 2004) that is characteristic of La Niña conditions in that region (Davey et al., 2013) . Thus, whereas many of the abrupt changes in terrestrial hydroclimate during the 4.2-ka event are similar to those observed during El Niño events, the ecosystem changes following the 4.2-ka event may reflect responses to secondary changes in regional climatic systems.
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We are not arguing here that ENSO was necessarily the ultimate cause of the 4.2-ka event; however, the shift in ENSO variability after 4.2 ka and the similarity between the global impacts of ENSO and the global footprint of the 4.2-ka event suggest a strong connection. The climatic forcing that produced the changes in ENSO variability during the middle Holocene are still being debated, but it is generally thought that changes in ENSO during the Holocene have been driven by gradual changes in the climate system associated with changing insolation and/or feedbacks 345 with annual climate cycles (McPhaden et al., 2006; McGregor et al., 2013; Emile-Geay et al., 2016; ) . For example, several investigators (Koutavas et al., 2006; McGregor et al., 2013) have suggested that the weaker ENSO variability observed in the central Pacific at ~4.3 ka was related to the more northerly ITCZ at this time, which would have also enhanced eastern-Pacific upwelling, produced cooler sea temperatures in the TEP, and driven a stronger zonal SST gradient that suppressed ENSO (Clement et al., 2000) . In the absence of a clear high-latitude 350 driver for the 4.2-ka event, these changes in the tropical ocean must be considered as likely contributors to the 4.2-ka event (Marchant and Hooghiemstra, 2004) .
Prospectus
Because the global teleconnections of El Niño and La Niña can vary significantly from event to event ( (compared with less-seasonal, tropical environments). Nearshore habitats, which are more influenced by the thermal 360 swings and high sedimentation rates associated with terrigenous input, should be more vulnerable, compared with reefs exposed to clearer oceanic waters. Reefs off the Pacific coast of Panamá and Costa Rica, which are exposed to a strong terrigenous influence and strong upwelling (in some areas), display the hiatus (Table 1; Cortés et al., 1994; Toth et al., 2012) . Latitudinally marginal lagoonal habitats elsewhere in the Pacific should also manifest the hiatus (see Cruz et al., 2018) . Preliminary evidence corroborates that hypothesis in the western Pacific, in turbid, lagoonal 365 habitats south of the Great Barrier Reef, in southern China, and in Japan (Table 1; Lybolt et al., 2011 , Hamanaka et al., 2012 Yamano et al., 2012; Xu et al., 2018) . Whether La Niña-driven reef shutdown occurred broadly on subtropical reefs of the central Pacific remains unknown, but there is some evidence that increased wave energy tied to ENSO suppressed vertical reef accretion in Hawaii around the time of the 4.2-ka event (Table 1 ; Grossman and Fletcher, 2004; Rooney et al., 2004) .
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The impacts of increased El Niño intensity (Fig. 4) , by contrast, might have been attenuated in lagoonal and nearshore habitats, where turbidity associated with terrigenous runoff from increased precipitation (in many locations, though not in Panamá) would have decreased light penetration and thereby offered a measure of protection from bleaching (Perry et al., 2012; Cacciapaglia and van Woesik, 2015) . Above some threshold amplitude, however, the ENSO swings would have overwhelmed the capacity of even turbid-water reefs to resist 
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from Kiritimati potentially falsify our hypothesis of an event at 4.2 ka manifested in reef frameworks of the central Pacific, as well as the idea that contemporary geographic patterns of ENSO variability reflect patterns that prevailed 4.2 ka. Parsing the spatially variable impacts of ENSO and other, more localized drivers such as relative sea level (Leonard et al., 2016a (Leonard et al., , 2016b to explain patterns of reef development will be a significant challenge going forward.
The preponderance of research to date on the causes and consequences of the 4.2-ka event has focused on 395 terrestrial environments and cultural impacts. In this paper we have shown that there were significant perturbations Coral-reef archives may provide the key to discerning the role of ENSO in the 4.2-ka event. 
